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Abstract  
The photocatalytic reduction of CO2 to fuels, or useful products, is an area of active 
research. In this work, nanoengineering and surface modification of titania were investigated 
as approaches for improving the CO2 reduction efficiency in a fixed-bed gas phase batch 
photoreactor under UV-Vis irradiation.  Titania nanotubes were prepared by a hydrothermal 
method, and TiO2 (P25) was surface modified with copper clusters.  Unmodified TiO2 (P25) 
was used as the bench-mark comparison. The titania nanotubes and Cu-TiO2 materials 
showed higher efficiency for the photocatalytic reduction of CO2 to yield CH4 as compared to 
P25.  Carbon monoxide yields were similar for all photocatalysts tested. The photocatalytic 
reduction of CO2 was observed on all photocatalyst tested, with the nanotubes proving to be 
the most efficient for the production of CH4.  The product yields per mass of catalyst 
observed in this work are similar to those reported in the literature (with similar reactor 
parameters) but the calculated formal quantum efficiencies for CO2 reduction are very low 
(4.41 x 10-5 to 5.95 x 10-4).  
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Research highlights 
Hydrothermal titania nanotubes, Cu modified TiO2 and TiO2 P25 tested for the photocatalytic 
reduction of CO2 in a batch gas phase photoreactor 
CH4 and CO were observed as the main products of photocatalytic reduction of CO2  
CO2 reduction efficiencies in terms of product yield per gram of catalyst correlate to the 
literature 
Formal quantum efficiencies for CO2 reduction are low. 
Titania nanotubes give much better yield for CH4 as compared to Cu-TiO2 and P25  
1. Introduction/ background 
Global warming and climate change are of major concern to humanity and the environment, 
with CO2 being the predominant greenhouse gas responsible for global warming.  In order to 
reduce the levels CO2 emitted to the atmosphere, one can employ capture and utilisation, 
and artificial photosynthesis is a potential route to converting CO2 to fuels or useful 
chemicals. The photo-driven reduction of CO2 into fuels and/or platform chemicals has been 
reported using heterogeneous photocatalysis with a range of different photocatalytic 
materials and different reactor geometries and conditions which affect observed product 
distributions [1, 2]. CO2 photoreduction products including CH4, CH3OH, CO, small organic 
acids and, occasionally some higher carbon products, have all been reported for 
photocatalytic CO2 reduction [3].  
The ability to control the product distribution and yield from photocatalytic CO2 reduction 
systems is a research target. Some platform chemicals e.g. CO, HCOOH etc. are more 
valuable than solar fuels e.g. CH4, CH3OH, and may represent a better product targets for 
synthesis [4].  To switch product distribution towards a desired product, reaction conditions 
are controlled to limit undesirable reactions or promote a reaction leading to a desired 
product [5].  
Titanium dioxide (TiO2) is the most commonly used research photocatalyst due to its 
comparatively good photocatalytic activity. Since TiO2 has a low solar efficiency due to its 
wide band gap requiring UV excitation, metal modification of the parent titania has been 
studied as a means to achieving the photocatalytic reduction of  CO2 [1, 6]. The presence of 
carbonaceous surface species was found by some groups to complicate the results of 
isotopic 13CO2 photoreduction studies, the rationale being that if 13C labelled CO2 was the 
used, 13C products would confirm the CO2 as the source of photocatalytic products. 
Considering the literature, using a range of photocatalytic materials, some studies showed 
mixed products [7-13], with only a few reporting solely 13C products [14-17]. The observation 
of 12C products in isotope studies are often assumed to be from surface contaminants, 
resulting in some authors questioning if the products and yields reported in other 
photoreduction studies, were due to contaminant oxidation, rather than true CO2 conversion 
[7, 18]. Studies from a range of laboratories have used 13CO2 to confirm CO2 as the source 
of methane, methanol, CO etc. produced by photocatalysis [9, 12, 14]. Given the potential 
for differing kinetics with isotopically labelled samples and the complexity/availability of GC-
MS, it has been recommended that researchers utilise a control run in the absence of CO2 
instead of isotopically labelled 13C as evidence against photo-Kolbe / side reactions as the 
source of CO2 reduction products [19, 20]. However, efforts to eliminate CO2 prior to 
photoreduction experiments can be far from trivial due to pre-adsorption on catalyst surfaces 
[21] and unwanted traces of CO2 dissolved in liquid water. 
There is some difficulty in comparing results of photocatalytic CO2 reduction studies reported 
due to variations in reactors and parameters. CO2 reduction yields are usually reported in 
mol h-1 g-1 of catalyst, however, this normalisation to per gram of catalyst can often be 
misleading [22]. Therefore, it is important to report the results in terms of photonic efficiency 
or formal quantum efficiency, which consider the irradiance and two dimensional area of 
catalyst. Very few researchers present photonic or formal quantum efficiency [23-27]. 
Nguyen et al. reported 1.86 mol h-1 g-1 of methane and an overall quantum efficiency of 
0.05% [28], and Collado and co-workers reported 0.4 mol h-1 g-1 of methane but with an 
apparent quantum efficiency of 2.7% [29]. The comparison of rates per gram of catalyst is 
not possible without considering the irradiance and the emission spectrum of the source. A 
similar comparison can be made between the work of Tseng at al. and Tahir et al. regarding 
methanol production [22, 30].   
This study aims to evaluate the photocatalytic reduction of CO2 in a gas phase batch reactor 
with well-defined reactor parameters, including the irradiance and emission spectrum of the 
source.  A range of different photocatalytic materials were tested to determine differences in 
yield of products and their formal quantum efficiencies.   
 
2. Materials and Methods  
2.1. Catalyst Preparation 
Three catalyst preparations were used in this study; unmodified TiO2 (Evonik Aeroxide P25), 
Cu modified TiO2 (P25) and TiO2 nanotubes. Cu clusters, used for surface modification, 
were synthesized by adapting the Brust-Schiffrin protocol [31].  For the 1.0 wt% 
copper/titanium dioxide catalyst (denoted Cu-TiO2), 1 wt% synthesized Cu clusters were 
mixed with TiO2 (P25) by sonication in methanol followed by annealing at 550oC. TiO2 
nanotubes (denoted NT) were prepared by a hydrothermal method previously reported [32]. 
The catalyst powders were immobilised on borosilicate glass plates (25 mm x 20 mm) by 
spray coating until the desired weight was obtained (8 mg). The samples were then 
annealed at 450oC (Lenton furnace) in air for 2 h (ramp up 2oC min-1 and ramp down 2oC 
min-1).  
 
2.2. Photocatalytic reactor  
The gas phase stainless steel T-shaped reactor was composed of ultra-high vacuum (UHV) 
parts (Swagelok and Kurt J. Lesker) with an internal volume of 120 mL.  The reactor was 
fitted with a quartz window to allow irradiation of the catalyst plates.  The catalyst plates 
were placed inside the reactor facing the quartz window.  A schematic of the reactor is given 
in figure 1.  High purity water (Merck, SupraSolv 7732-18-5) was added to the reactor at the 
start of each experiment. A magnetic flea with stirrer was used to give mixing within the 
reactor. The temperature of the reactor was maintained with thermostatically controlled 
thermal tape at 70oC. The reactor was purged for 10 min with the feed gas mixture before 
sealing at a pressure of 2 bar. The feed gases for the reactor were CO2 (BOC, UN1013, 
99.99% purity) and Ar (BOC, UN1006, 99.998% purity).  
 
The gaseous products obtained following irradiation was analysed by gas chromatography 
(GC) with a flame ionisation detector (FID) and using He (BOC, UN1046, 99.999% purity) as 
a carrier gas. The GC (Agilent Technologies, 7890B) was connected directly to the reactor 
outlet and samples were analysed every 30 min leading to a decrease in pressure inside the 
reactor (0.25 bar) each time a measurement was performed.  Sampling from the reactor 
following the initial purge and fill cycle were denoted T0, time zero with later samples 
denoted T30, T60 etc to detail the number of minutes elapsed from irradiation. The T0 sample 
act as reference point for the purity and mixture of gasses present prior to initiation of 
reaction by irradiation. The reactor was purged and filled with a range of gas mixtures to 
provide conditions for CO2 reduction, sample cleaning or absence of CO2 control runs.  
 
2.3. CO2 reduction 
A mixture of CO2:Ar  (20:80) was used to test CO2 reduction in all experiments. This mixture 
was purged through the reactor prior to sealing the system at 2 bar with periodic sampling 
the gas mixture used to assess the generation of CO2 reduction products. These tests were 
performed on fresh photocatalyst samples or following control runs, the conditions of which 
are detailed below. 
 
 
Fig. 1. Schematic diagram of the photocatalytic reaction apparatus 
 
Control experiments in the absence of CO2 were performed for each catalyst. For these 
experiments, the reactor conditions were the same as for CO2 photoreduction; however, 
100% Ar was used for the purging and filling the reactor, in the presence of 200 L of water. 
Due to the inverse relationship between gas solubility and temperature, experiments with hot 
water were performed to try to further eliminate CO2 presence in the reactor for the control 
experiments. The procedure for each water condition added is detailed below: 
 
- Cold water control: for all photocatalysts, room temperature deionised water was 
added to the reactor and it was heated after closing it.  
- Hot water control: in this case, the water was heated to boiling before being added to 
the reactor that was already at 70oC. This process was carried out in control tests 
with P25 and NTs as photocatalysts. 
 
2.4. Irradiation source and formal quantum efficiency  
 
The photocatalytic reactor was irradiated with a Xe lamp (100 W, LOT Oriel) through a water 
IR filter. The spectral intensity incident on the reactor window was measured with a 
calibrated spectral radiometer consisting of Jobin Yvon Horiba Gemini 120 monochromator 
and a SpectrAcq2 photomultiplier tube. The irradiance spectrum of the source is given in the 
supplementary information (Figure S1).  
 
When using a polychromatic emission source the Formal Quantum Efficiencies (QE) should 
be reported [33].  The Formal Quantum efficiency is calculated using equation 1. 
 
𝑄𝐸 =  
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑝𝑎𝑠𝑠𝑒𝑑 𝑡𝑜 𝑓𝑜𝑟𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ( 250 − 410 𝑛𝑚, 𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛𝑠)
     (1) 
 
It was assumed that wavelengths > 410 nm were not utilised by the photocatalytic materials 
based on previous photoelectrochemical studies determining the effective band gap [31]. 
 
 
3. Results and discussion 
3.1. Photocatalytic reduction of CO2 
Photocatalysts materials were tested for the photocatalytic reduction of CO2 using P25 as a 
bench mark reference. Controls in the absence of CO2 were also performed for each 
photocatalyst. When using P25 as a photocatalyst, both CO and CH4 products were 
observed with concentrations above the limit of detection (1.78 and 1.08 ppm respectively) 
after 4 h of irradiation (Fig 2 (a-b)). However, as it can be seen in figure 2 (a-b), similar 
concentrations were obtained when performing the controls in the absence of CO2 in the 
feed gas (1.51 ppm for CO and 0.71 ppm for CH4). 
 
Fig. 2. CO and CH4 production (in ppm) over time using different catalysts in the presence and absence of CO2. 
(a-b) TiO2 (P25), (c-d) Cu-TiO2, (e-f) NT 
 
Copper modified P25, previously investigated as a water splitting catalyst [31], was used 
under identical reactor conditions (fig. 2, (c-d)). We reported the physicochemical properties 
of the Cu-TiO2 previously where the average size of the copper clusters was ~ 0.8-0.9 nm, 
which was measured with STEM (scanning transmission electron microscopy) at a spot size 
of 0.2 nm [31]. XPS analysis showed that the copper clusters were a mixture of Cu(0) and 
Cu(I) after loading onto the TiO2 and annealing. In that work there was evidence of a small 
red shift in the effective band gap following Cu modification. Using incident photon to current 
conversion efficiency measurements, the effective band gap of unmodified P25 was 2.96 eV 
and for the Cu doped P25 the band gap was 2.85 eV equating to a small red-shift of 0.11 eV 
(16 nm).  This small red shift may result in a small improvement in solar driven CO2 
reduction.   
 The Cu-TiO2 was observed to yield higher concentrations of both products, CO and CH4, 
(2.51 and 4.36 ppm, respectively) when compared to unmodified P25. The photocatalytic 
activity of Cu-TiO2 was also tested in the absence of CO2. For both CO and CH4, the yields 
obtained in the absence of CO2 were significantly lower than in the presence of CO2 (CO = 
0.96 ppm and CH4 = 2.7 ppm). 
TiO2 nanotubes (NT) were also tested as photocatalysts for CO2 photoreduction (fig. 2 (e-f)). 
The NT were produced by a hydrothermal method previously reported [32] which gave tubes 
with an inner diameter between 4-6 nm and an outer diameter between 8-12 nm 
respectively.  In that work, XRD analysis showed that the tubes were predominantly anatase 
TiO2.  Tubes annealed at 400oC were mesoporous with pore sizes between 2 and 50 nm, 
where a pore size less than 10 nm corresponded to the inner diameter of the nanotubes and 
the larger pores (10-100 nm) were attributed to the aggregation of the nanotubes. 
In terms of CO production, the results were similar to the ones obtained with Cu-TiO2 (2.78 
ppm). The NTs proved to be more efficient for CH4 production than the other two 
photocatalysts tested, obtaining a concentration of 19.89 ppm after 4 h of irradiation. When 
the control experiments were performed in the absence of CO2, the CO and CH4 
concentrations yielded were much lower than in the presence of CO2 (0.48 ppm for CO and 
0.87 ppm for CH4). The presence of small quantities of CO2 reduction products in the 
absence of CO2 in the gas feed prompted an investigation into sources of trace CO2 in the 
reactor. 
 
3.2. Additional controls in the absence of CO2 
Calculation of CO2 peak areas in GC at T0 for CO2 control measurements showed a very low 
concentration of CO2 to be present, in the ~10-20 Mol range. A calculation of the amount of 
CO2 potentially dissolved in the feed water added to the reactor yielded a value ~8 Mol as a 
possible source for the concentrations observed in GC analysis of T0 samples.  Control 
experiments in the absence of CO2 in the feed gas were repeated where the feed water was 
pre-boiled to remove dissolved CO2. With pre-boiled feed water, the peak area for CO2 at T0 
was half that observed with non-treated water (12.5 and 4.4 Mol respectively).  
 Fig. 3. CO and CH4 production (in ppm) over time in the controls in the absence of CO2 performed with addition 
of cold or of heated water. (a-b) P25, (c-d) NT 
 
With small quantities of CO2 still being present in hot water, the control in the absence of 
CO2 in the feed gas gave much smaller amounts of CO and CH4 (see fig 3). With the P25 
control (fig. 3. (a-b)), both the hot water and the cold water concentrations for CH4 
production were below or close to the detection limit (0.75 ppm) and cannot be considered 
as significant. For the NT samples, the CH4 concentrations obtained with cold water added 
are above the limit of detection after 3 h of irradiation but with heated water the CH4 
produced is below the detection limit. For the NTs and cold water, CO production is 
observed above the detection limit (1.58 ppm) after 3.5 h of irradiation but with heated water 
the CO production is below the detection limit.  Some authors have suggested that a pre-
cleaning step is necessary to ensure the adsorption sites, and therefore potential active 
sites, are not occupied [34, 35].  
When performing the control experiments in the absence of CO2 in the feed gas, with NTs as 
the photocatalyst, adding pre-boiled water resulted in a lower initial concentration of CO2 of 
6.7 Mol at T0 when compared with control with non pre-boiled water (18.2 Mol at T0).  
It is difficult to remove all CO2 from the reactor. Although using pre-boiled feed water 
reduced the detected CO2 at T0, a small but still detectable peak for CO2 remained.  The 
source of this CO2 is not immediately obvious as the reactor was purged with argon 
(99.998% purity, possibly 20 ppm unknown) and the water degassed. Due to equilibrium with 
CO2 in the atmosphere, CO2 as bicarbonate monolayer coverage have previously been 
observed [21]. We have observed changes to carbonate type, bicarbonate carbonate 
equilibrium, under differing surface treatments and photocatalytic conditions [35-37]. 
Previous studies on carbonates as a source of CO2 reduction products have argued that 
decomposition of carbonates are more likely to lead to CO2 rather than reduced products 
[35]. Decomposition of surface carbonates may yield CO2. Indeed, if the surface of the 
catalyst is contaminated with low levels of organic carbon impurities, photocatalytic oxidation 
of these compounds would release CO2. 
3.3. Yields and Formal Quantum Efficiency 
To compare the product yields obtained in this study with those of other researchers, caution 
should be taken as the yields obtained can be heavily influenced by reactor geometry and 
conditions employed. In this regard, the comparative yields given in table 1 were made with 
reported reactors using the same volume and type of light source to minimise the influence 
of reaction conditions. However, even when comparing similar reactors and conditions, 
many researchers normalise their results to a yield per gram of photocatalyst, which can be 
misleading, biasing the result towards reactors that utilise smaller amounts of catalyst e.g. 
thin films. This comparison is even more complicated when no data is provided to show 
whether product yields scale linearly with catalyst loading (and the assumption that the 
product yield will increase upon increasing photocatalyst loading may not be easily 
engineered to maintain the same irradiated photocatalyst area or mass). In addition, this 
normalised photocatalytic reaction rate is often measured as an average over a number of 
hours, despite the reaction kinetics changing over this time period for some materials.  
The yields reported by others cannot be directly compared as there are differences in reactor 
systems, although the yields reported by others in terms of mol h-1 g-1 cat are within one 
order of magnitude to those observed in this work (Table 1).  Zhai et al. [38], reported higher 
yields of CO and CH4 for both P25 and Cu-TiO2, however they used a 200 W Xe source 
whereas in this work we used a 100 W Xe source.  Zhai et al.  did not report the light 
intensity entering the reactor or the area of catalyst irradiated, nor do they calculate formal 
quantum yield. The irradiance will be a dominant factor controlling the yield [39].   Gonell et 
al. [40] reported  a range of yields for CO and CH4 using Cu-TiO2 in a water based solvent 
system with and without electron donor. In the presence of electron donor, they observed the 
highest yield of CO, no CH4 and increased yields for H2. The use of different reactor systems 
and different irradiance sources means that direct comparison of results is impossible and 
strongly supports the need for standardised systems or conditions for comparison of results 
for photocatalytic CO2 reduction.  
The reporting of Photonic Efficiency (Apparent Quantum Yield) for monochromatic sources, 
or Formal Quantum Efficiency (FQE) for polychromatic sources, is more appropriate for 
correlation of results from different groups. In the present work the FQE for each 
photocatalyst were calculated according to equation 1 (the irradiance of the source is given 
in figure S1) and are given in table 1. 
 
Table 1:  Product yields after 4 h of irradiation and formal quantum efficiency (Q.E) obtained in this 
work vs yields and quantum efficiency observed in the literature (under comparable reactor 
conditions) 
Catalyst 
Ref. Yields (mol h-1 
g-1 cat) Ref. 
Yields obtained 
in this work 
(mol h-1 g-1 cat) 
Formal Q.E 
(250 - 410 nm) 
CO CH4 CO CH4 CO CH4 CO2 
P25 1.2 0.38 [41] 
0.41 0.25 1.29 x 10-5 3.12 x 10-5 4.41 x 10-5 
P25 2.5 1.2 
[38] 
Cu-TiO2 
5.4 8.7 
0.58 1.01 1.82 x 10-5 1.26 x 10-4 1.44 x 10-4 
0.3 - 2.8* 0 – 0.3* [40] 
NT - 1.48 [32] 0.64 4.61 2.01 x 10-5 5.75 x 10-4 5.95 x 10-4 
aGonell et al [40] report a range of values for CO and CH4 yield in a liquid phase reactor with different 
solvents and with/without electron donor.  With electron donor no CH4 was produced and increased 
yields CO and H2 were observed. 
As it can be seen in table 1, the calculated FQE obtained for CO and CH4 products are very 
low, as are the overall FQE for CO2 reduction. The order of efficiency for CO, CH4 production 
and overall CO2 reduction was NT>Cu-TiO2>P25.  The modification of the P25 with Cu 
clusters (mixed oxidation state of Cu (0) and Cu (1)) gives a slight red shift in the effective 
band gap as previously reported [31].  Cu2O has a more negative conduction band edge that 
TiO2 (anatase or rutile) and this may lead to the slight improvement in the efficiency for CO2 
reduction as compared to the unmodified P25 unmodified. Hori (2008) reported that for the 
electrochemical reduction of CO2, copper had a higher affinity to produce hydrocarbons, 
when compared to other metals [42], but was also able to produce CO.  The major difference 
in the efficiency of the materials observed in this work was the enhanced yield of CH4 
observed with the TiO2 NTs as compared to Cu-TiO2 and P25. In previous work it was 
reported that enhanced efficiency for CO2 reduction on NTs was due to a high concentration 
of undercoordinated titanium sites, which was supported by EPR analysis [32].  
The quantum efficiency of photocatalytic CO2 reduction is rarely reported. However, in the 
cases it has been calculated, the efficiency is typically very low [43-45]. To understand the 
typically low efficiencies observed during photocatalytic CO2 reduction the current 
understanding of the mechanism by which CO2 generates these products and alternative 
back or side reactions should be considered. There are a number of CO2 pathways named 
after key intermediates, formaldehyde [46, 47], carbene [48] and glyoxal pathways [18, 35],  
reported to explain the steps in CO2 reduction to the commonly observed products, 
methane, methanol, carbon monoxide etc. All of these pathways assumes the single 
electron reduction of CO2 to CO2.-, although this reaction is high energy step requiring a very 
negative electrochemical potential [35] which is either too negative to be achieved with the 
conduction band of  most of the photocatalysts reported or, if achievable, leaves limited 
overpotential to drive this reaction. All of these potential mechanisms have been investigated 
under ultra-pure conditions [18, 35, 49] and none of the mechanisms were considered to be 
representative of all the steps occurring in photocatalytic CO2 reduction. However these 
reports did show that the glyoxal pathway may occur, but is likely a minor path, with an 
alternative undiscovered pathway leading to acetaldehyde postulated [35]. One interesting 
aspect of the glyoxal pathway and the alternative path through acetaldehyde differing from 
the carbene or formaldehyde pathways is both of these newer pathways require 
intermediates that are generated by oxidation reactions. If the glyoxal pathway or a newer 
pathway incorporating some of its steps is shown to be the correct mechanism, by which 
photocatalytic CO2 reduction occurs, then low efficiency reported may be an artefact due to 
incorrectly addressing the number of electrons required to reduce CO2. One aspect 
considered in glyoxal pathway that may also explain the low efficiencies reported is the 
degree of back reaction i.e., re-oxidation of reduced CO2 products by valence band holes. A 
recent study to this effect observed that photocatalysts that were good at degrading ethane, 
ethylene or methane were poor reducing CO2, whereas photocatalysts that were modified to 
reduce the efficiency for oxidising these compounds showed improved yields of these CO2 
reduction products suggesting that blocking re-oxidation of products may be a route to 
improving activity for CO2 reduction [50]. Considering that re-oxidation of CO2 reduction 
products and intermediates has been observed, these back reactions may explain the low 
efficiencies often observed in photocatalytic CO2 reduction.   
4. Conclusions 
Improvement in the activity for photocatalytic reduction of CO2 was observed following 
surface modification using Cu clusters, or nanoengineering of the titania to give nanotubes. 
These modification strategies studied, showed increases in yields consistent with previous 
reports in the literature. The order of efficiency for CO, CH4 production and overall CO2 
reduction was NT>Cu-TiO2>P25.   Formal Quantum Efficiencies were determined for the 
photocatalytic reduction of CO2 and showed that even where reasonable product yields were 
observed, as compared to literature, the FQE were very low.  Of the photocatalysts tested in 
this study, the nanotubes prepared using a hydrothermal route, showed a marked 
improvement in CH4 production as compared to the Cu-TiO2 and the unmodified P25.   
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Figure S1 - Measured irradiance from 125W Xe lamp with IR filter 
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